The spectroscopic quadrupole moment of the T 1/2 = 9.4(5) ns isomer in 193 Pb at an excitation energy E ex = (2585 + x) keV is measured by the time-differential perturbed angular distribution method as |Q s | = 2.6(3) e b. Spin and parity I π = 27/2 − are assigned to it based on angular distribution measurements. This state is the band head of a magnetic-rotational band, described by the coupling of a neutron hole in the 1i 13/2 subshell with the (3s −2 1/2 1h 9/2 1i 13/2 ) 11 − proton excitation. The pairing-plus-quadrupole tilted-axis cranking calculations reproduce the measured quadrupole moment with a moderate oblate deformation 2 = −0.11, similar to that of the 11 − proton intruder states, which occur in the even-even Pb nuclei in the region. This is the first direct measurement of a quadrupole moment and thus of the deformation of a magnetic-rotational band head.
I. INTRODUCTION
The occurrence of regular rotational-like sequences of strongly enhanced magnetic dipole (M1) transitions, in the vicinity of closed shells, is a very interesting nuclear structure feature which was subject of much experimental and theoretical work (for review, see Refs. [1] [2] [3] ). In these bands, the M1 ( I = 1) transitions are very strong, whereas the E2 ( I = 2) crossover transitions are weak or not even observed. The ratios of reduced transition probabilities, B(M1)/B(E2), derived from the γ -ray intensity ratios are unusually large, around 25 µ 2 N /(e b) 2 . Lifetime measurements showed that the M1 transitions are strongly enhanced. The B(M1) values are large (of the order of few µ 2 N ) and decrease with spin within the bands [2, 3] , while the B(E2) values are small. This type of band, the "magnetic rotational band" [4, 5] , arises from a spontaneous symmetry breaking by anisotropic currents of a few high-j configurations (particles and holes). The perpendicular orientation of their angular momenta with respect to each other gives the lowest energy, which corresponds to the band head. Angular momentum toward higher energies along dipole bands is generated by the step-by-step alignment of the particle and hole spins in the direction of the total angular momentum [6] , which results in a decrease of the M1 strength within the bands. Since this resembles the closing of the blades of a shears, the M1 bands have also been called "shears bands" [7] .
Two theoretical approaches were proposed for the description of the observed experimental features: the tilted-axis cranking (TAC) model [4] [5] [6] and an empirical approach that assumes a particular effective interaction between high-spin particles and holes [2, 8] . The TAC model is a mean-field approach that considers cases for which the angular momentum of a nucleus does not coincide with one of the principle axes. In the calculations, the parameters of the Hamiltonian are adjusted to reproduce the experimental deformations of a certain state. The empirical model assumes an effective quadrupole moment, taking into account the contributions from the protons and the neutrons by introducing proton and neutron effective charges, e π and e ν , respectively.
Magnetic-rotational bands were discovered in several mass regions, but the richest information exists for the Pb isotopes [1] [2] [3] , where such bands were observed for the first time in 199 Pb [9] . More than 50 bands have been reported in neutrondeficient Pb nuclei with mass numbers 191 A 202. These M1 bands are built on two-proton high-j particle-hole excitations across the Z = 82 shell gap coupled to neutron holes in the 1i 13/2 orbital and possible contribution of low-j neutrons. The perpendicular orientation of the proton and neutron spins in these bands was confirmed by a g-factor measurement [10] . A further important aspect for understanding the M1 bands concerns the underlying deformation. Small E2 transition probabilities, pointing to a small deformation, are deduced from the measured branching ratios. However, a precise determination of transition quadrupole moments is difficult due to the large uncertainty in the intensity of the weak E2 crossover transitions. Model-independent information on the size of the deformation can be provided by measurements of the spectroscopic quadrupole moments.
The ν(1i
1/2 1h 9/2 1i 13/2 ) 11 − configuration and spin and parity I π = 29/2 − were assigned to the T 1/2 = 9.4(5) ns band head of the yrast M1 band in 193 Pb [11] [12] [13] . The configuration was confirmed by a g-factor measurement [10] . The spin assignment, however, differs from the systematic of similar bands in the Pb nuclei [14, 15] . Here we report the spectroscopic quadrupole moment of this state, the first such measurement for a magnetic-rotational band head. In addition, based on angular distribution (ADO) data, spin and parity I π = 27/2 − were assigned to it. Preliminary results of this work were presented at conferences [16, 17] .
II. EXPERIMENTAL PROCEDURE AND RESULTS
The experiment was carried out at the XTU-Tandem of the INFN Legnaro National Laboratory. Excited states in 193 Pb were populated and spin-aligned in the 170 Er( 28 Si,5n) reaction at 143 MeV. The 28 Si beam was pulsed with a pulse width of 1.5 ns, a repetition period of 800 ns, and a suppression of the continuous beam in between the beam bursts of ≈10 4 . The excited 193 Pb nuclei recoiled out of the 0.5 mg/cm 2 170 Er foil into the solid 0.2-mm Hg layer mounted on a Cu finger cooled down to a temperature of T = 170.0(1) K.
The quadrupole interaction (QI) was investigated in the electric field gradient (EFG) of solid polycrystalline Hg by applying the time-differential perturbed angular distribution (TDPAD) method. The reason for choosing the Hg host is that the EFG, V zz , provided by its lattice at the substitutionally positioned Pb nuclei, is very high [18] ; for example, for substitutionally positioned Pb nuclei in solid Hg, V zz = 17.4(9) × 10 21 V/m 2 at T = 170 K [19] , which results in a strong interaction observable on the very short time scale given by the isomer lifetime.
The γ rays were detected by planar HPGe detectors placed at angles of 0
• and 90
• with respect to the beam direction. Such a detector arrangement allows both TDPAD and angular distribution measurements. A time resolution between 8.5 and 6.5 ns was obtained for γ rays in the range of 200 to 500 keV, respectively. For the analysis of the list-mode data, energy-time matrices were sorted for each detector. Time-gated energy spectra were created for the analysis of the prompt and delayed transitions. The prompt and a delayed γ -ray energy spectrum in the 15-30-ns interval after the beam burst are displayed in Fig. 1 . While the prompt spectrum is dominated by the γ rays from Coulomb excitation of the 170 Er target and the Hg backing, the spectrum registered in between the beam pulses clearly illustrates delayed γ rays deexciting the short-lived isomers in 193 Pb, which are shown in Fig. 2 . In addition to the previously reported 9.4-, 180-, and 20.5-ns isomers [13, 20] , another isomer was established, the 27/2 − (2322 + x) keV level in 193 Pb, as shown in Fig. 2 . The γ rays, which deexcite it, are present in the delayed spectrum of Fig. 1 . Time spectra of the 180-and 556-keV γ rays are displayed in Fig. 3 , from which a half-life T 1/2 = 5.3(6) ns was deduced for this state. A half-life T 1/2 = 9.4(5) ns was derived for the M1 band head (see Fig. 3 ), in perfect agreement with the value reported in Ref. [10] . [11] [12] [13] 20] and present work. The γ linewidth shows the isomeric decay components. The excitation energies are given in keV relative to the 13/2 + long-lived isomer. The spins of the 2214-, 2427-, and 2585-keV states were assigned in the present work. Previous multipolarity assignments for the γ transitions involved in the isomeric decays in 193 Pb were based on conversion coefficient [11] , angular distribution [11, 13] , and directional correlation [12] measurements. Note that in some cases discrepancies were observed between the reported values in these studies. To check the assigned multipolarities, we analyzed the ratio of the γ intensities, R ADO = I γ (0 • )/I γ (90 • ), in prompt spectra registered at the angles 0
• . This ratio takes values of ≈1.3 for stretched E2 transitions and ≈0.8 for pure dipole stretched transitions. In the case of transitions of M1 + E2 mixed character, R ADO depends on the value and sign of the mixing coefficient δ, being R < 0.8 for δ < 0, and R > 0.8 for δ > 0. The ADO analysis of the prompt spectra in the present experiment agreed with the adopted multipolarities for most of the transitions below the isomers [11] [12] [13] . Thus, R ADO values of around 1.3 were obtained for the 882-, 520-, 528-, and 556-keV transitions deexciting the lowest lying yrast states, in accordance with their E2 multipolarity. For the 1022-and 740-keV transitions, the derived R ADO values were 0.9(1) and 0.5(1), confirming their mixed M1 + E2 character [11] [12] [13] . In the same time, for the 812-keV transition, which was previously assigned as E2, R ADO = 1.0(1) was deduced, indicating a mixed M1 + E2 multipolarity. Note that in the present measurement, the good energy resolution of the used detectors (1.5 keV for 800-keV region) allowed better separation of the peaks in the rather complex spectra (see the inset of Fig. 1 ), which gives support to the analysis. Based on the present result for the 812-keV transition, spin-parity I π = 23/2 + , I π = 25/2 + , and I π = 27/2 − are assigned to the 2214-and 2427-keV states and the 9.4-ns isomer (see Fig. 2 ), 1h less compared to previous work [11] [12] [13] . With the new spin assignments, the states of the yrast M1 band fit well into the energy systematics of such bands in the Pb nuclei [14, 15] .
For the TDPAD analysis, energy-gated time spectra were used to construct the experimental ratios
which were least-squares fitted to the expression
with the angular distribution coefficient A 2 and the quadrupole interaction frequency ω 0 as free parameters. The QI frequency for a half-integer spin is ω 0 =
, where ν Q = eQ s V zz /h is the quadrupole coupling constant. The spin-dependent S 2n coefficients are calculated for an axially symmetric randomly oriented EFG [21] .
In the present experiment, the 25/2 + → 23/2 + 213-keV transition was used in the analysis, because the 158.4-keV transition that deexcites the 9.4-ns isomer is contaminated by the intense 158.4-keV Coulex line in 199 Hg with T 1/2 = 2.45(3) ns [22] (see Fig. 1 ). The 213-keV transition has a small prompt component, as seen in Fig. 3 , and therefore the perturbed pattern could be followed very close to t = 0, which makes it very convenient for TDPAD analysis. The experimental and theoretical R(t) functions are displayed in the upper panel of Fig. 4 . Owing to the high-spin value and the short lifetime of the isomer, it was possible to observe only the modulation pattern at the beginning of the quadrupole period T 0 = 2π/ω 0 . A value ν Q = 1.11(9) GHz was derived for the quadrupole coupling constant, resulting in an absolute value of |Q s (27/2 − ; 9.4 ns)| = 2.6(3) e b for the spectroscopic quadrupole moment. Note that this value slightly differs from the value reported previously [16, 17] , which is due to the fact that the spin of the isomer was reassigned. The angular distribution coefficient, A 2 = −0.38(9), which was determined for the 213-keV transition, is in accordance with the dipole multipolarity previously assigned to it [11] . The large absolute value indicates a mixed M1 + E2 multipolarity.
To provide more support to the QI analysis, which is mainly based on time spectra in the prompt region, we have also reexamined the data from the g-factor TDPAD measurement [10] . In that experiment the recoiling 193 Pb nuclei were implanted in the cubic lattice of Pb, placed in an external magnetic field of 31.5 kG. The Larmor precession function, R(t), derived from time spectra registered at angles ±135
• for the 213-keV transition, is displayed in the lower panel of Fig. 4 . A value of +0.68(3) was derived for the g factor, in perfect agreement with the previously reported value [10] . The modulation amplitude is two times larger than that found for the 158-keV E1 transition (Fig. 2 of Ref. [10] ). On the basis of these results, a mixing coefficient δ(M1/E2) = −0.13(2) was deduced for the 213-keV transition. The new spin value of the M1 band head, combined with the recent precise measurement of the g factors of the 11 − states in 194, 196 Pb [23] , results in a remarkable agreement between the measured g factor, g expt (27/2 − ; 9.4 ns) = 0.68(3) [10] , and the calculated one using the additivity approach, g calc (27/2 − ; 9.4 ns) = 0.68 (1) . The coupling of the spins and corresponding magnetic moments are presented in Fig. 5 .
Small quadrupole moments were recently measured for the 21/2 − and 33/2 + states, described by three-quasineutron configurations [16, 20] . Similarly, the QI pattern of the 25/2 − → 21/2
− 556-keV transition shows a long quadrupole period, indicating a weak interaction strength. The short half-life of the isomer prevents precise measurement; however, an upper limit |Q s (27/2 − ; 5.3 ns)| 0.5 e b was set for the quadrupole moment of this state.
III. DISCUSSION
The 27/2 − shears band head in 193 Pb is described by the coupling of a neutron hole in the 1i 13/2 orbital with the (1h 9/2 1i 13/2 ) 11 − proton intruder configuration, with the proton and neutron spins oriented perpendicular to each other. A notable feature of the shears states is that the excitations involved in their structure take different deformations; for example, in the Pb region the neutron excitations take nearspherical shapes, whereas the proton intruder excitations are moderately oblate deformed [24] .
The known spectroscopic quadrupole moments in the neutron-deficient Pb isotopes with A 196 are collected in Table I . Large quadrupole moments were measured for the 11 − isomers in 192, 194, 196 Pb [25] [26] [27] [28] and the 27/2 − 9.4 ns isomer in 193 Pb (this work), as seen in Table I . These states, involving a proton intruder excitation, have quadrupole moments about an order of magnitude larger compared to those for the neutron states.
In general, the calculated Q TAC s values are in fair agreement with the experiment. The calculations were carried out within the pairing-plus-quadrupole TAC model, using the adopted parameter set for the Pb region, which was used to describe the yrast M1 bands in the odd-mass 193−199 Pb nuclei [29] . The quadrupole-quadrupole coupling constant, which controls the size of the deformation, was adjusted in each even-A isotope to the experimental quadrupole moment of the corresponding near-spherical ν(1i −2 13/2 ) 12 + isomer and it was interpolated for the odd-mass isotopes. With the exception of 192 Pb, the calculations slightly underestimate the measured moments for the 11 − isomers. The Q TAC s value for the M1 band head perfectly reproduces the experimental quadrupole moment.
Moderate oblate quadrupole deformations were calculated for both the 11 − isomers ( 2 = −0.12) and the 27/2 − shears state ( 2 = −0.11). The deformation of the M1 band head appears, therefore, to be dominated by the polarizing effect of the two-proton particle-hole state.
The deformation parameter can also be deduced from the experimental quadrupole moment by assuming an axially symmetric deformed homogeneous charge distribution. The coupling of the spins of the protons and the neutrons is presented in Fig. 5 . In such a case we may use the formulas [30] Q s = Q 0 3K 2 − I (I + 1)
and
where Z is the proton number, β 2 is a deformation parameter, and the nuclear radius R 0 = r 0 A 1/3 , with r 0 = 1.2 fm. The deformation parameters β 2 and 2 are related to each other as [30] 
014304-4 The value of the calculated deformation parameter is reproduced by assuming an effective value for the K quantum number, K eff = 13.1(5), which is close to the strong-coupling limit K = I . From this we conclude that the tilting angle of the band is small, in agreement with the predicted value θ ≈ 23
• [29] . The quadrupole moments of the neutron states were analyzed within a microscopic BCS approach in a numberprojected one-and three-quasiparticle neutron space [31] . The BCS calculations with an effective neutron charge of e eff ν = 1.0e, which reproduce the quadrupole moments of neutron states in nuclei near the N = 126 closed shell [34] , underestimate the quadrupole moments in the light lead nuclei. An overall good description of the quadrupole moments in 193 Pb and the neighboring light odd-mass Pb nuclei was obtained in Ref. [20] by using an increased effective neutron charge of e eff ν = 2.17e, which reflects the increased E2 polarization effect of valence neutrons when approaching the neutron midshell, as illustrated in Ref. [34] . Using the same effective neutron charge, a rather small quadrupole moment, Q BCS s = +0.18 e b, is calculated for the three-quasineutron 27/2 − state, which is consistent with the experimental upper limit.
IV. SUMMARY
In conclusion, the pulsed-beam TDPAD method was applied for spectroscopic quadrupole moment measurements in 193 Pb nuclei implanted in a Hg solid host. The absolute value of the quadrupole moment for the 9.4-ns isomer band head of a magnetic rotational band was determined as 2.6(3) e b and an upper limit of 0.5 e b was set for the 5.3-ns isomer.
These are the shortest-lived isomers for which the quadrupole interaction pattern could ever be observed time differentially in in-beam experiments. The spin of the 9.4-ns isomer was fixed to I π = 27/2 − after angular distribution measurements. The measured quadrupole moment for the M1 band head is reproduced within the pairing-plus-quadrupole TAC model. This agreement represents important new evidence that the repulsive force between the proton particle and the neutron hole orbitals, which determines the level spacing of the magnetic rotational bands, is generated by the quadrupole polarization of the core. The TAC analysis of the quadrupole moments within this model indicates that the deformation of the shears state is essentially determined by the polarization induced by the excited protons across the Z = 82 shell gap. It will be interesting to study this effect also in other cases, for example for other configurations, or for states with a higher number of quasiparticles involved, when the tilting angle is expected to be larger.
